Advances in fast, pulsed-power technologies have resulted in the development of very high current drivers that have current rise times -100 ns. The largest such pulsed power driver today is the new 2 accelerator located at Sandia National Laboratories in Albuquerque, New Mexico. 2 is capable of delivering more than 20 MA with a time-to-peak of 105 ns to low inductance (-1 nH) loads. Such large drivers are capable of directly generating magnetic fields approaching 3 kT in small, 1-cm3, volumes. In addition to direct field generation, 2 can be used to compress an applied, axial seed field with a plasma. Flux compression schemer> are not new and are, in fact, the basis of all explosive flux-compression generators but we propose the use of plasma armatures rather than solid, conducting armatures. We will present experimental results from the 2 accelerator in which magnetic fields -2 kT are generated and measured with several diagnostics. Issues such as energy loss in solid conductors and dynamic response of current-carry] ng conductors to very large magnetic fields will be reviewed in context with Z experiments. We will describe planned fluxcompression experiments that are expected to create the highest-magnitude uniform-field volumes yet 3ttained in the laboratory.
Introduction
The generation o F ultra-high magnetic fields necessarily leads to low impedance, pulsed current drivers.'.' Current densities above -10 MA/cm (magnetic fields > 1 kT) have dynamical time constants < 100 ns. The rapid development of pulsed power technologies3A has enabled the routine generation of magnetic fields above 1 kT. We describe the pulsed power design and performance of Sandia's i? accelerator as well as results from experiments in which peak currents of 15-20 MA are delivered to various low inductance loads generating magnetic fields of order 1 kT. Z's pulsed power design4 is based on Sandia National Laboratories Marx-generator and water -pulse-forming technology developed over the last 30 years. (See Figure 1 . ) Z contains 36 nearly identical modules. In each module a Marx generator, with 60, 1.3-pF capacitors charged to a voltage of 90 kV. The Marx generators store a total of 11.4 MJ. The Marx generator delivers its energy to a water-dielectric coaxid capacitor in 1 ps. Portions of this document may be illegible electronic image products. Images are produced frorm the best available original document.
Accelerator Descriptiton
peak voltage of 5 MV. A low-jitter laser-triggered gas switch is used to couple the energy into a second, lower-inductance coaxial water capacitor in 200 ns. Self-breaking water switches are used to transfer the energy into a 4 . 3 2 4 constant-impedance water transmission line. The electrical pulse at this point has a voltage of 2.5 MV ; i d a pulse width of 105-ns FWHM. The total power generated in the accelerator is 60 TW.
The water transmission lines are a biplate, constant-impedance, constant anode/cathode-g<ip designed to optimize the energy efficiency of the transmission lines and to maximize the coupling of the energy in the water transmission lines to an inductive load. The impedance of each of the 36 biplate lines was 4.32 SZ. The transmission line gap was fixed at 14 cm. We accurately measure the voltage and current and, hence, the power and energy in each water transmission line.
The insulator stack is the boundary between the water dielectric and the vacuum that is necessary to drive the z-pinch load. The insulators, nearly 4 m in diameter, are made from RexoliteTM (high-density cross-linked polystyrene). The voltages and currents were measured at each of the insulator stacks giving a very accurate measure of the power and energy through the insulator stack.
The MITLs cor sist of four separate, conical-disk feeds coupled together at the vacuum convolute. The upper two MITLs are 242 impedance and the lower two MITLs are 2.7542 impedance. The MITLs operate successfully at a peak electric field of 2 hlV/cm with vacuum gaps as small as 1 cm. We placed current monitors at two radial locations and 3-6 azimuthal positions in each of the four MITL anodes to better study vacuum power flow.
A critical point in the vacuum power flow is the double post-hole convolute that couples the four, conical-disk MITLs together. This is done in order to combine the current from each level and deliver the summed currents to a single z-pinch load. The baseline convolute on Z is a 12-post/hole design with 1.0-to 1.5-cm diameter posts and post-to-cathode gaps of 1-2 cm. A drawing of the convolute is given in FI gure 3.
Load Design
The generation of magnetic fields with these large pulsed power drivers can be direct, in which current flows in a conductor (typically a coaxial arrangement), or indireci in which a seed magnetic field is inserted then compressed by the main current. Both configurations have advantages and disadvantages. The primary problem with directly driven systems is the nonuniformity of the magnetic: field. In a coaxial geometry the azimuthal magnetic field falls off as l/r. The peak field is on the inner conductor and may be unusable for most experiments. In flux compression schemes the B, magnetic field is uniform over the volume being compressed but the fact that the conducting plasma shell is moving and radiating strongly can compromise many potential experiments. We 'describe two such load designs for the 2 accelerator.
The actual load to which current is delivered is relatively small in size. The load dimensions are 1 mited by the driver energy (or, equivalently, the load inductance). Our directly driven load is coaxial with a 6-mm inner conductor diameter and a 12-mm outer-conductor inner diameter. The length is 1 cm. (See .) The inductance of this load is 1.38 nH. All materials for this experiment were 304L sta inless steel. We examined the hydrodynamic motion of the inner conductor due to the magnetic forces. With a peak current of -20 MA and a diameter of 6 mm the motion of the inner conductor is small in 100 ns. Increases in magnetic field (reductions in conductor diameter) are possible if higher density materials are used for the conductors.
Magnetic Field and Current Diagnostics
One of the greate ;t challenges of high magnetic field experiments is the measurement of the magnetic field itself. We describe two methods that are used to infer the magnitude of the magnetic field on 2. First, we use B-dot current probe^.^ On 2 we used four of these current monitors located 6.0 cm from the probes.' On 2 we used fcsur of these current monitors located 6.0 cm from the load. At this position the current density is < 1 MAkm and the current monitors work well. Thus, we have a direct measurement of the magnetic field from which we infer the local current. Typically we assume that this current flows through the load itself without losses. Second, we have used VISAR techniques6 to measure the magnetic pressure on the conductor itself near the load. This technique uses laser interlerometry to directly measure the rear surface velocity of a small piece of the electrode. The magnitude of the driving magnetic field is then inferred from the velccity history of the electrode.
Our B-dot current monitors have 1-mm diameter loops aligned with the magnetic field. Copper sleeves surround the detector to minimize the diffusion of current in nearby conductors and, hence, minimize changes in the detector sensitivity to the local fizlds. The B-dot current monitors are calibrated in a fixture in which a current pulser provides up to 10 kA to the load and NIST traceable resistance standards are used to compare with the measured B-dot signal. Typically the calibration data provides a calibration accuracy of -1%.
The VISAR pres sure diagnostic uses reflected laser light from the rear surface of a well-charact'xized metallic sample (for example copper or iron) located on the current pa1 h.7 The VISAR sample is located 1.39 cm from the load axis. This radial location was chosen to keep the sample pressure below -30 GPa and to minimize radial pressure gradients. The detector is sensitive to motion of the back surface of the sample through a Doppler shift in the reflected light. As the pressure builds up on the front of the sample it is coupled to the back surface of the sample causing rear surface motion. This motion is then measured. The particle velocity of the sample can be correlated to the applied pressure through well characterized material properties. The measurement error of the pressure is 5% today but may be reduced to 1-2% in the near future.
We believe that spectroscopy may be used on the future to directly measure the time-and space-resolved magnetic field in the load. There are a number of issues involving plasma opacity and plasma motion that remain unresolved.
Data
We describe data from Z shot 315. This shot used the direct-drive load design described above. Z delivered a peak current of 19.3 MA, a peak average voltage of 3.5 MV, a peak power of 48.5 TW, and total energy of 2.92 h4J at the main insulator stack (mcasured with carefully calibrated B-dot and V-dot electrical monitors). This current flowed to the inner load region where it was measured by the local current diagnostics. (See Figure 3 .) A small current loss caused the current measurxl at the insulator stack to be slightly higher than the actual load current. The B-dot data show that the current reaches a peak value of 16.7H.85 MA in 105 ns. At this current level the peak magnetic field in the 6-mm diameter coaxial load was l.l+O.O5 kT. With a load inductance of 1.38 nH we find that the energy stored in the load is 192 H. These data are consistent with the overall energy balance in the vacuum section of Z.
On the same shat the VISAR data show that a peak pressure of 31.4k1.5 GPa was developed at the surface of an iron sample. The peak pressure measured by is 31.4 GPa. The structure in the data is due to the material properties of iron.
this pressure the surface magnetic field acting on the VISAR sample was 280.9+7 T. The current at a radius of 1.39 cm, consistent with this pressure and magnetic field, was 19.45k0.5 MA. The VISAR data was of sufficiently high quality that detailed iron material properties were obtained. The time units in Figure 4 are relative.
We found that the current measured by the VISAR sample was slightly higher than that measured by the current monitors. We do not fully understand the discrepancy yet but pxsibilities include the conductor skin depth at these higher current densities or plasma shielding of the B-dot probes. Refinements in MHD calculations using the best equations-of-state and material resistivities may reduce this apparent difference.
Conclusions
The developmen of lOO-ns, 20-MA pulsed power drivers enables a large class of high magnetic field experiments. These experiments, at fields greater than 1 kT, permit he study of basic material properties at pressures and densities here-to-fore unavailable. The capabilities of this new class of pulsed power driver have not been explored in any level of detail. We expect new experiments using Z and future drivers at higher magnetic fields will yield a wealth of new data and w 11 result in changes in our fundamental understanding of materials at high pressui e and density.
